ABSTRACT: A method is described for the rapid identification of oligosaccharides employing a library of tandem MS spectra. Identification is aided by software that compares the sample tandem MS to those in the library. The method incorporates quadrupole time-of-flight mass spectrometry along with an annotated oligosaccharide (OS) structure library and the MassHunter Personal Compound Database and Library (PCDL) software. With an automated spectra search, OS structures in different samples are readily identified. This method is shown to be useful in the study of milk oligosaccharides but can be readily applied to oligosaccharide pools in other biological tissues.
T he importance of glycosylation in protein function has led to the development of new methods for the analysis of oligosaccharides (OS). Mass spectrometry (MS) has become the most sensitive and rapid method for characterizing oligosaccharides. 1−13 Recent developments in separation science by using different stationary phases 14−18 when coupled with MS and tandem MS (MS/MS) techniques improve these methods further yielding isomer specific analysis and even rapid structural identification. 19−21 The combination of liquid chromatography and mass spectrometry (LC−MS) has also made it easier to determine the extent or the size of the glycome. For example, mathematically there could be thousands of different human milk oligosaccharides (HMOs) based on the combinations of possible monosaccharide composition. 22, 23 However, LC−MS analysis shows that within a 5 orders of magnitude range there are less than 150 for each individual, while there may be less than 500 different structures combined for all humans. Similarly, a separate systematic N-glycan study of serum showed using a neural network that there may be less than 400 compositions. When coupled with the empirical results of nanoLC−MS analyses, it can be estimated that there are probably less than 5000 structures. 24 The realization that the glycome of specific biological systems is relatively small and finite will change our approach toward developing rapid methods for structural analysis of oligosaccharides. Rather than determining the structure de novo each time, a structure may be assigned a number of characteristics that will allow rapid identification once the structure is fully characterized. In this way, glycomics becomes more like metabolomics than proteomics. To this end, a functional database for the identification of oligosaccharides will have considerable value.
There are currently several major carbohydrate databases including the US Consortium for Functional Glycomics (CFG), 25, 26 the Kyoto Encyclopedia of Genes and Genomes (KEGG) Glycan, 27 and Glycosciences.de., 28−30 which can be linked to mass spectra to provide potential structures. Additionally, there are also software packages that are used for semiautomated interpretation of MS spectra. 31 They include Glycofragments from Glycoscience.de, 32, 33 GlycoPeakfinder 22 and GlycoworkBench 34 from Eurocarbdb, and GlycoMod and GlycanMass from Expasy.org., 35 GlycosidIQ, 36 and Cartoonist. 37 Software such as Glycofragments, GlycoPeakfinder, GlycosidIQ, and Glycoworkbench predict a structure based on the MS/MS data that is compared to extensive databases of published structures. Cartoonist predicts structures based on a biologically curated list of possible structures. While these approaches are potentially useful, the results are still mainly conjectures that need further rigorous verification.
An alternative approach is to identify known structures using a set of characteristics. These methods can be classified as structural identification rather than structural elucidation. They provide a rapid analysis of oligosaccharides but are bound to the known structures in a library. A successful method developed by Rudd and co-workers employ normal phase chromatography to construct a database of structures that are identified based on retention times. 38 This method employs a glucose ladder to assign a retention time that is independent of the specific HPLC brand but is specific to the chromatographic method. An alternative approach developed in this laboratory employed nanoLC retention times and high mass accuracy spectra to identify the structure. 39, 40 A more recent study reported that groups of N-and O-linked glycans could be identified by comparing the "characteristic signal intensity profiles" to the multistage tandem MS spectra acquired from the same synthesized glycans. 41 The study compiled tandem MS spectra of neutral OS into the library, acidic glycans were desialylated prior to analysis. A hybrid quadrupole ion trap/ time-of-flight (TOF) mass spectrometer was used to generate multistage fragmentation. However, multistage fragmentation strategies are not amenable to rapid analysis, particularly in conjunction with liquid chromatography methods.
In this report, we examine the use of MS/MS data to identify oligosaccharide compounds. A reference library is employed that includes nearly 100 HMO structures that were previously elucidated. 19, 20 A commercial software, Personal Compound Database and Library (PCDL), was used to generate a library of structures characterized by tandem MS. The software MassHunter (Agilent Tech. Inc.) is used to compare an "unknown" spectrum to those in the library. The program includes a scoring system to quantify how closely the library spectra match the sample spectra allowing accurate identification of OS mixtures in human milk.
■ EXPERIMENTAL SECTION
Milk Oligosaccharide Extraction and Reduction. Milk samples, previously stored at −80°C, were completely thawed, and 100 μL was diluted with 100 μL of nanopure water and centrifuged at 4 000g at 4°C for 30 min. After the top fat layer was removed, four volumes of chloroform/methanol (2:1 v/v) were added to the defatted sample. After centrifugation at 4 000g for an additional 30 min at 4°C, the upper organic layer was carefully removed. The supernatant (aqueous phase containing the milk oligosaccharide-rich fraction) was freezedried with a SpeedVac. The milk oligosaccharide samples (reconstituted in 250 μL of nanopure water) were reduced by 250 μL of 1.0 M sodium borohydride aqueous solution at 65°C for 1.5 h. The resulting product was desalted and purified by solid phase extraction (SPE) using a graphitized carbon cartridge (GCC). 19 HPLC-Chip/Q-TOF MS Analysis. The HPLC-Chip/Q-TOF MS instrument (Agilent Technologies, Santa Clara, CA) is equipped with an 1200 series nano-LC system and an 6520 Q-TOF MS coupled by a chip interface. The nano-LC has a capillary pump for sample enrichment and a nanoflow pump for separation. It is also equipped with a microwell-plate autosampler maintained at 6°C by a thermostat. The collision energy (CE) applied was based on the m/z of the ion with higher energy for larger ions. For this instrument, the collision energy (CE) was varied according to the equation:
where k is the slope and b is the y-intercept of the equation (both of which can be adjusted by the users), and m/z is the mass-to-charge ratio of the precursor ion. The equation was empirically determined by the manufacturer. In this study, five optimized values of slope and y-intercept were used to fragment OS with multiple CEs for more specific structure identification. Specifics are described with the data. Automated MS/MS Search and Compound Identification. The automated compound identification was performed in the MassHunter Qualitative software. The MassHunter software offers two different spectral search algorithms, forward search and reverse search. These spectral match algorithms initially filter by applying a precursor ion filter to find the list of spectra that have the same precursor ion. For library spectra where the precursor ions match the unknown spectrum precursor ion, the search routine checks for matching ions between the unknown spectrum and the library spectra. For peaks that are in both spectra, the algorithm uses a dot product calculation that compares the relative intensities between the matched ions to determine the match score. The scoring for library searching uses a very similar algorithm as the NIST Library Search. 42, 43 When a matching peak is found, the program considers each mass peak to be a one-dimensional vector and calculates the dot product between the two. The two spectra being matched are normalized. A number is returned between 0 (no match at all) and 1 (complete agreement). The sum of the dot products is used to create a score. This score is normalized to between 0 and 100 and reported as the match score.
Analytical Chemistry The forward search compares all of the peaks in the unknown spectrum with all of the peaks in a library spectrum. A peak that is not in the library spectrum, or has a different relative peak intensity than a matching peak in the library spectrum, will be penalized in the scoring calculation. If there are peaks in the library spectrum that are not in the unknown spectrum, the score is also reduced. The forward search score is a result of a comparison of all the peaks in the unknown spectrum with all the peaks in the library spectrum (both m/z values and relative intensities). Forward search is useful for strong signals and minimizes false positives. For weak or noisy signals, forward search may yield lower scores since ions that are in the unknown spectra will not find matches in the library.
Reverse search takes peaks in the library spectra and matches them against the peaks in the unknown spectrum. The reverse search will penalize for a peak in the library spectrum that is not present in the unknown spectrum and for ions of the same m/z value that are in both spectra but have different relative intensities. However, unlike forward searches, peaks that are in the unknown spectrum but not in the library spectrum are not considered in the calculation for the reverse search. The reverse search is useful for weak and noisy signals when trying to verify that the right ions were present. Reverse search may generate false positives but minimizes false negatives. The software allows searching the data using the combination of both forward and reverse searches and reports scores for each search type.
■ RESULTS AND DISCUSSION
A database of tandem MS composed of nearly 100 structures containing both neutral and sialylated HMOs was constructed. The structures used in this study were elucidated previously and characterized in earlier reports. 19, 20 For the analyses, HMOs were reduced, enriched and analyzed by nano-LC Q-TOF MS as described above. Figure S1 in the Supporting Information shows the chromatograms of representative HMO samples illustrating the distribution of the peaks across retention times and masses.
The ability to distinguish structures by tandem MS is illustrated with two compositions corresponding to hepta-and octasaccharides. Figure 1 shows the extracted ion chromatograms (EIC) of isomers with m/z 611.25 ( Figure 1a ) and m/z 756.78 (Figure 1b) in an HMO sample. Both masses show three major peaks in the chromatogram corresponding to three isomers for both m/z 611.25 and m/z 756.78. The structures were assigned previously by retention time and accurate mass ( Table 1) . In order to determine whether the corresponding structures could be correctly determined using the method, the MS/MS spectra of peaks were compared to the ones identified via a PCDL search. Parts a, c, and e of Figure 2 are the respective tandem MS spectrum of 4120a, MFLNH III, and IFLNH III from the library (red), while parts b, d, and f of Figure 2 are tandem MS spectrum from the corresponding OS found in the milk sample (blue). In Figure 2a ,b, the same fragment peaks were found in both the library spectra and the sample spectra. The ion intensity scale from the two spectra are slightly different (2.0 × 10 3 cps in Figure 2a and 3.0 × 10 3 cps in Figure 2b) . However, the relative intensities of the fragment ions appeared highly similar.
The PCDL search results for m/z 611.2 with the spectrum in Figure 2b yielded four compounds shown in Table 2 . (Please see also Figure S2 in the Supporting Information.) Two types of searches were used. The "Match (Forward)" score was calculated by searching peaks in the unknown spectrum against the library spectrum. The "Reverse" score was calculated by searching peaks in the library spectrum against the compound spectrum. In both cases, compound 4120a (Table 2) has the highest matching scores among the four isomers ( Figure S2 in the Supporting Information). Furthermore, the tandem MS is also visibly closest to the reference compound (Figure 2a) . Similarly, the search results of MFLNH III and IFLNH III are listed in Table S1a and Table S1b , respectively, in the Supporting Information. In both cases, the correct isomer yielded the highest scores. For IFLNH III, only one compound was selected.
To determine the repeatability of the method, the same sample was injected in five consecutive runs. Table S2a −e in the Supporting Information lists the automated search results of the sample from five consecutive runs. The data from five runs were searched against the HMO structure library file separately. Over 30 structures were identified by tandem MS in each of the five runs. There are typically approximately 100 structures from individual subjects, with approximately 30 structures representing nearly 99% of the total abundances. Without exception, all of the same structures were identified in each of the five runs.
Multiple Collision Energies. A potentially important parameter in obtaining unique fragmentation patterns is the collision energy (CE) of the tandem MS experiments. The energetics of collision-induced dissociation (CID) and fragment ion yield depends on the size of the ion with higher energy generally required to obtain useful fragment ions for larger precursor ions. 44−46 For these experiments, the CE was adjusted based on the m/z value according to the expression described in Table 3 . To determine whether the compound identification is sensitive to CE, a systematic study was performed where the sample was subjected to a broad CE range. Figure 3 shows the tandem MS spectra of FS-LNnH I obtained from milk samples and under five different CEs. The compound was identified and validated by retention times and accurate mass of a commercial standard. As the CE increases, the intensity of the precursor ion decreases and the relative intensities between fragment ions vary accordingly. Each spectrum was searched with MassHunter Qual against a library with spectra corresponding to the same five CEs. The results tabulated in Table 4a correspond to the use of Figure 3a as the sample spectrum. The top four results correspond to the correct compound FS-LNnH I; however, the top hit does not necessarily correspond to the same energy (6.3 V and 5.6 V), respectively. Indeed, the top result for all the spectra correspond to the entry 6.3 V except for the highest energy where the sample CE of 9.2 V scores the best for the library entry of 9.2 V. Incorrect entries such as FS-LNH I in Table 4a do not score well compared to the correct entries. In general, the correct compound was obtained as confirmed by the accurate mass of the precursor ion and the nanoLC retention times.
Application of the Library Search to Different Types of Samples. The program was validated using samples of milk from nonhuman species, namely, orangutan milk. Because human and primates are genetically similar, there is considerable overlap between HMOs and primate milk oligosaccharides (PMOs) ( Figure S3 in the Supporting Information). 47 The primate samples were prepared and analyzed in exactly the same way as the human milk samples using nanoLC−MS. The library search strategy using reproducible retention times and accurate masses has previously been applied to identify oligosaccharides in primate milk. 47 The results of the analysis are summarized in Table S3 in the Supporting Information. MS scans provided accurate masses of 
Figure 3. Tandem MS spectra of FS-LNnH I under five collision energies derived from conditions and equations illustrated in Table 3 .
Analytical Chemistry PMOs that were used to assign composition, using the in-house software, "oligosaccharide calculator". In the orangutan milk samples, 49 compounds along were obtained, including 5 containing NeuGc ( This strategy has certain limitations. The user may require a single instrument platform to match the conditions so that effective searches can be performed. However, as better bioinformatics tools emerge, it may be possible in the future to search tandem MS spectra from different databases. To be effective, this method also requires a much larger number of tandem MS spectra from fully or partially characterized glycans. This work is currently in progress with oligosaccharides in serum and other tissues to be available soon. Once these tasks are completed, a method for identifying oligosaccharides incorporating accurate masses, retention times, and tandem MS will be available so that even novices can study oligosaccharides and glycobiology will be greatly enhanced. for MassHunter and PCDL software and comments on the manuscript.
